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INTRODUCTION
Concentrations of dissolved iron are generally low in natural waters on the modern Earth because oxidized iron is insoluble. Weathering of ironbearing minerals under an oxygenated atmosphere results in the precipitation of iron as insoluble iron (III) oxides and hydroxides (Holland, 1978) . Appreciable concentrations of dissolved iron are found only in anoxic environments such as sediments rich in organic matter. Reactive iron in these environments is reduced and enters solution as Fe ÷+ (Froelich et al., 1979) .
Iron sulfide minerals are also insoluble, so appreciable concentrations of dissolved iron are found only in waters deficient in sulfide. The inverse relationship between dissolved iron and sulfide in interstitial waters of the anoxic sediments of Greifensee, Switzerland (Emerson, 1976; Emerson and Widmer, 1978) is shown in Fig. 1 . Concentrations of dissolved iron reach values of several hundred micromoles 1-1 in these waters, and the activity of bisulfide ions is restricted to values below 10 -6 by the precipitation of iron sulfide minerals. Emerson (I976) and Emerson and Widmer (1978) . These authors show that the activity of sulfide is limited, in the presence of abundant dissolved iron, by precipitation of various iron sulfide minerals.
In anoxic marine sediments, on the other hand, microbial reduction of abundant dissolved sulfate provides a source of sulfide generally far in excess of the rate of supply of reactive iron (Berner, 1971 (Berner, , 1982 . Sulfide concentrations in the interstitial waters of the sediments are high and concentrations of dissolved iron very low.
On the modern Earth, therefore, deficiency of dissolved iron in oxygenated waters results from the insolubility of oxidized iron (Gordon et al., 1982) . Its deficiency in many anoxic waters results from the insolubility of iron sulfide and the abundance of sulfide produced by bacterial sulfate reduction. Oxygenated waters were rare or absent on the early Earth (Kasting et al., 1979; Kasting and Walker, 1981; Walker et al., 1983; see Walker, 1977a for older references). The Archean ocean may have contained abundant dissolved iron or abundant dissolved sulfide, but not both (Holland, 1973; Drever, 1974) . Here we consider which was likely to have been more abundant. First we examine an imaginary titration of iron against oxygen in the ocean. Then we examine an imaginary titration of iron against sulfide. In each of these titrations, the chemical species with the greatest rate of supply would have dominated.
Our approach is to consider the geochemical cycles of the elements in question on the modern Earth. We then eliminate from the cycles those processes that were probably or certainly absent from the Earth before the proliferation of life. Biological processes are the clearest candidates for elimination. We then analyze the diminished geochemical cycle, assuming that it is applicable to the early Earth, without necessarily trying to adjust the rates of the remaining, abiological processes. This procedure is conservative in the sense that it does not require very speculative extrapolations of rates into the distant past. It must, of course, lead to a very crude approximation to the geochemical cycles of the early Earth, both because many of the important rates are not well known even today, and because many of them undoubtedly have changed with time.
TITRATION OF IRON AGAINST OXYGEN Figure 2 illustrates, schematically, the biogeochemical cycle of oxygen on the modem Earth. Annual rates are expressed in moles of oxygen (O:) or as an equivalent reducing power. The oxygen cycle today is dominated by production of oxygen in photosynthesis at a rate of 1016 mol y-1 and consumption of oxygen in respiration and other biological processes at an almost equal rate (Walker, 1980) . A very much smaller flux of oxygen, about 2 X 1013 tool y-l, is consumed by weathering reactions on the continents, which yield among other products a flux of 5 X 1012 tool y-1 of oxygen in oxidized iron from the continents to the sea (Garrels and Mackenzie, 1971) . Oxygen in the ocean is consumed also at a rate of 2 X 1012 mol y-1 by reaction with dissolved ferrous iron released in hydrothermal systems on the sea floor (Wolery and Sleep, 1976) . Oxidized iron is removed from the ocean by incorporation into sediments. There is a small additional consumption of photosynthetic oxygen, some 1012 mol y-l, in the course of photochemical reactions within the atmosphere that lead to the oxidation of reduced volcanic gases (Holland, 1978) . Finally, there is a net source of abiogenic oxygen that corresponds to the escape of hydrogen from the top of the atmosphere to space (Walker, 1977a) .
The corresponding geochemical cycles on the prebiological Earth are illustrated in Fig. 3 . Photosynthesis and respiration are of course absent, and the only source of free oxygen in the atmosphere (or ocean) is the photolysis of atmospheric water vapor followed by the escape of hydrogen to space. The rate of this process depends on the mixing ratio of water vapor in the stratosphere and thus on the temperature of the tropopause (Walker, 1977a) . Limits on this abiological source of oxygen on the early Earth have been discussed by Walker (1978) . The oxygen source in the present day atmosphere is about 101° mol y-1. The source was probably smaller in the Archean because of lower solar luminosity (Gough and Weiss, 1976; Gough, 1977; Newman and Rood, 1977; Walker, 1982 On the other hand, the volcanic source of reduced gases and the hydrothermal source of reduced, dissolved iron were probably larger on the early Earth, with its higher heat flow. It seems clear, therefore, that oxygen in the prebiological atmosphere was overwhelmed by volcanic reduced gases as in turn the oxygen in the prebiological ocean was overwhelmed by dissolved, reduced iron. The concentration of dissolved iron in the prebiological ocean was therefore not limited by oxygen. This finding is consistent with mineralogic evidence for the precipitation of Archean and early Proterozoic banded iron-formations from anoxic waters (Klein and Bricker, 1977) .
Consumption of oxygen in subaerial weathering processes does not appear in Fig. 3 . We have deleted this process because of geochemical and sedimentological evidence that continental weathering and erosion had little impact on the composition of either the ocean or sedimentary rocks on the early Earth (Lowe, 1980 (Lowe, , 1982 Veizer, 1983 ). It appears that areas of exposed continental land mass in the Archean were small (Campbell, 1983; Moorbath, 1983) .
TITRATION OF IRON AGAINST SULFIDE
Pyrite (FeS2) is the dominant sulfide bearing mineral in sea floor basalt. Dissolution of pyrite in sea water interactions with hot basalt must there-fore yield dissolved iron as fast as dissolved sulfide. But basalts contain much more abundant iron-bearing minerals that also release iron to solution (Edmond et al., 1979a) without releasing sulfide. So the flux of iron from sea floor basalts to the Archean ocean would have exceeded the flux of sulfide. The hydrothermal solutions of modern mid-ocean ridge hot springs are balanced close to the transition between excess iron and excess sulfide (Edmond et al., 1979a) , but much of the sulfide today is produced by reduction of oceanic sulfate. The question of sulfate concentrations in the Archean ocean is taken up below.
The same argument applies to any material supplied to the ocean by continental weathering Because of the relative geochemical abundances of iron and sulphur (12:l) (Ronov and Yaroshevskiy, 1967) and because sulfide is present mainly in combination with iron, the rate of supply of iron must exceed the rate of supply of sulfide, unless the iron is immobilized by oxidation.
The present rate of release of sulfur dioxide from volcanoes is estimated to be about 0.15 to 0.25 X 10" mol y-l (Stoiber and Jepsen, 1973; Zehnder and Zinder, 1980; Berresheim and Jaeschke, 1983) . Hydrogen sulfide is much less abundant than sulfur dioxide in most volcanic gases today (Anderson, 1975) , and it would have been even rarer in Archean volcanic emissions if they were hotter (Heald et al., 1963) . Furthermore we show below that H,S would probably have undergone photochemical oxidation in the Archean atmosphere even in the absence of oxygen.
It seems likely, therefore, that the global rate of supply of dissolved iron to the Archean ocean exceeded the rate of supply of sulfide. In average sea water, therefore, the iron concentration would have been relatively high and the sulfide concentration very low. Estimates of the dissolved iron concentration in the waters that deposited banded iron-formations are above 10d4 mol 1-l (Holland, 1973; Drever, 1974; Ewers, 1980) . Corresponding bisulfide activities could have been below lo-* (see Fig. 1 ). Any volcanogenic sulfide debauching into such an ocean would have precipitated immediately as iron sulfide minerals. Such an association of sulfide rich sediments of Archean age with volcanic vents has been noted by Cameron and Garrels (1980) . In restricted environments, particularly those with large sources of volcanogenic sulfide, the titration may have been reversed to give locally high sulfide and low iron concentrations.
OXIDATION OF SULFUR
In this section we consider the fate of the sulfur bearing gases, HzS and SOz, that were released from volcanoes to the Archean hydrosphere and atmosphere.
We show that volcanic HzS would have been oxidized by photochemical processes in the atmosphere and so was not likely to reverse the titration of iron against sulfide in the Archean ocean. We also show that volcanic sulfur gases were a potentially important source of sulfate for the ocean.
Note first that thermodynamic considerations favor the oxidation of sulfur compounds, as the equilibria H2S + 202 ~ H2SO4 (I) SO2 + H20 + 0.502 ~ H2804 (2) lie to the right for oxygen partial pressures greater than about 10 -60 bar (at water vapor partial pressures of 0.01 bar). Sulfate would therefore have been stable in the Archean atmosphere. It is necessary, however, to consider whether there were kinetic mechanisms for the oxidation of volcanogenic hydrogen sulfide and sulfur dioxide. Wet removal of hydrogen sulfide by precipitation would have been slow, because the gas is not soluble enough to be effectively scavenged. On the other hand, transfer of hydrogen sulfide from the atmosphere to the ocean would have been enhanced by the reaction with dissolved iron. Most of the hydrogen sulfide would have been rapidly oxidized by homogeneous radical reactions in the atmosphere. As suggested by Van der Wood and Thiemens (1980) , the oxidation reactions would probably have started with attack by the OH radical. Concentrations of OH in excess of 106 cm -3 at ground level could quite easily have been sustained by photolysis of water vapor (Kasting and Walker, 1981) . With a rate constant of ~ 5 X 10 -'2 cm 3 s -1 (Perry et al., 1976) , the reaction H2S + OH -~ HS + H20
would have destroyed hydrogen sulfide in a characteristic time of about 35 h. In an early atmosphere with a high concentration of hydrogen atoms (about 3 X 109 cm -3, Kasting and Walker, 1981 ) the HS would be removed by the reaction
Atomic sulfur would probably be removed from the atmosphere by dry deposition or incorporation into particulates. The reactions
S+OH-+SO+H
SO + OH -+ SO2 + H
are possible, but any sulfur monoxide produced in the atmosphere was more likely to suffer photolysis back to elemental sulfur SO + hv -~ S + O
The likely fate of volcanogenic hydrogen sulfide entering the atmosphere, then, was photochemical oxidation to elemental sulfur. The elemental sulfur, after deposition from the atmosphere, may have undergone further oxidation in the ocean.
The much more abundant volcanogenic sulfur dioxide would also have suffered attack by the OH radical SO2 + OH ~ HSO3 (8) the rate constant for this reaction is 2 X 10 -l° cm 3 s -1 (CODATA, 1979) . With the OH concentration predicted by Kasting and Walker (1981) , a residence time of 3.6 days results for the photochemical oxidation of sulfur dioxide. The subsequent conversion of HSO3 to a sulfate aerosol is generally believed to proceed rapidly, even in the absence of oxygen (Winick and Stewart, 1980) . The possibility that abundant atomic hydrogen could hinder this reaction has not been quantitatively evaluated. The sulfate aerosol would be removed from the atmosphere by rain to provide a source of sulfate to the ocean. Both wet removal of sulfur dioxide by rain and dissolution in the ocean could have been important also. When the reduced sulfur source exceeded the production of oxidant or where the sulfur dioxide arose from submarine volcanism there could have been large additions of S(IV) to the oceans (Skyring and Donnelly, 1982) . Sulfite, S(IV), is not stable with respect to either sulfide or sulfate in alkaline solution (Berner, 1971) . Thus oxidation of sulfite could proceed through a double decomposition that might be written 4 SO3 = -~ 3 SO4 = + S =
although it would probably be mediated by photochemical or catalytic pathways. In addition sulfite and elemental sulfur in the early ocean would compete with ferrous iron for any oxidants that entered solution. Such oxidants would include oxygen and a variety of oxidizing chemical species produced in the atmosphere by photochemical processes (Kasting and Walker, 1981) . Oxidants may also have been produced by photochemical processes in the surface layers of the ocean. In particular, ferric iron may have been produced by irradiation of sea water rich in dissolved ferrous iron (Cairns-Smith, 1978; Braterman et al., 1983) . Sulfite may have been directly oxidized by a similar photochemical process (Hayon et al., 1972) or photochemically produced ferric iron may have served as an intermediary. In summary, much volcanogenic sulfur dioxide would probably have been photochemically oxidized in the atmosphere to sulfate, which would have been washed into the ocean. Any sulfite or elemental sulfur that escaped oxidation in the atmosphere would probably have been oxidized to the thermodynamically stable S(VI) state by chemical and photochemical reactions in the surface layers of the ocean.
SULFATE BUDGET
If we assume that any sulfide released to the early ocean was precipitated immediately as iron sulfide minerals, we are left with the budget of sulfate to consider. Biological production of sulfate by photosynthetic bacteria could not have been globally important in the absence of dissolved sulfide for bacteria to oxidize. The only important source of sulfate would have been volcanogenic sulfur gases that were photochemically oxidized in the atmosphere and the surface ocean. As shown in Fig. 4 , the modern source of volcanogenic sulfur gases is estimated at about 0.15 X 1012 mol y-1 (Zehnder and Zinder, 1980) . The source might well have been larger on the early Earth with its higher heat flow and presumably higher rate of volcanic activity. A potentially important sink for oceanic sulfate was the reaction of sea water with hot basalt in sea floor hydrothermal systems. Sulfate is totally removed from sea water in modem hydrothermal systems (Edmond et al., 1979b) . In part the sulfate appears to be precipitated as anhydrite (CaSO4), which is relatively insoluble at high temperature (Holland, 1978) . In part, the sulfate is reduced to sulfide by reaction with iron and precipitated as pyrite (Holland, 1978; Edmond et al., 1979a; McDuff and Edmond, 1982) . Because anhydrite is not found in weathered basalts on the sea floor it is believed to be leached out of the rock in subsequent low-temperature weathering processes. The net flux of sulfur from the ocean into the sea floor is below the value that would be calculated from data on high temperature interactions alone (Wolery and Sleep, 1976) . From considerations of the oxidation--reduction balance in the exogenic system, Wolery and Sleep set an upper limit of 0.6 × 10 ~2 mol y-1 on the rate at which sulfate is reduced by interaction with sea floor basalt. The actual rate may well be less.
Estimates of the heat carried out of the oceanic crust by advecting sea water suggest that the rate of circulation is sufficient to process the entire ocean through sea floor hydrothermal systems in an average time of 10 Ma (Wolery and Sleep, 1976) . This time was presumably smaller on the early Earth, but we can use it for a preliminary estimate of the effect of sea floor hydrothermal activity on oceanic sulfate. Assume that hydrothermal interactions removed all of the dissolved sulfate from circulating sea water. The residence time of dissolved sulfate in the ocean would then have been 10 Ma. The total mass of sulfate in the ocean would have been the product of this time and the estimated source of 0.15 X 1012 mol y-1. The resultant mass of oceanic sulfate is 0.15 X 1019 mol. Today there are 4.4 X 1019 mol as sulfate in the ocean, at an average concentration of 30 X 10 -3 mol 1-1 (Broecker, 1974) . The above estimate represents ~ 3% of the present value, assuming that the volume of the ocean has not changed with time (Walker, 1977a, b; Stevenson, 1983) . A larger volcanogenic source of sulfur gases would have yielded higher concentrations, but more sea floor hydrothermal activity would have yielded lower concentrations. If volcanic and hydrothermal activity changed in proportion, the estimate of concentration would not be affected.
The much higher sulfate concentrations of the modern ocean are, of course, sustained in the face of hydrothermal removal by the large flux of dissolved sulfate (Fig. 4) provided by oxidative weathering of the continents (Meybeck, 1979; Zehnder and Zinder, 1980) . We assume that the continental contribution was minor on the Archean Earth (Lowe, 1980 (Lowe, , 1982 Veizer, 1983) .
Today there is a substantial sink of oceanic sulfate, some 1.25 X 1012 mol y-l, which results from the reduction of sulfate by microorganisms in anaerobic sediments and precipitation of iron sulfide. This removal process would have been absent on the prebiological Earth. During the course of Earth history there has also been substantial removal of sulfate from the ocean by the formation of evaporite deposits. This sink is at present small because there are few shallow, partially enclosed seas located in arid regions. It is possible that sulfate is accumulating in the modern ocean because of the rarity of evaporitic basins (Berner, 1972) . On the Archean Earth, with few continents (Campbell, 1983; Moorbath, 1983) , there was presumably less opportunity for the formation of extensive evaporite deposits. We therefore neglect the evaporitic sink for oceanic sulfate on the early Earth assuming that the production and weathering of evaporites were in steady state. A low sulfate concentration does not prohibit the formation of evaporites such as gypsum as it is possible that calcium concentrations were higher in the Archean ocean (Walker, 1983) thus maintaining a high calciumsulfate ion product. The geochemical balance illustrated in Fig. 5 is based on the assumption that all of the sulfate involved in hydrothermal interactions on the early Earth was reduced to sulfide and precipitated as pyrite. Is this assumption reasonable, when such is not the case today? The upper limit deduced by Wolery and Sleep (1976) on the rate of sulfate reduction in modern hydrothermal interactions is less than one-fifth of their estimate of the total amount of sulfate circulating through sea floor hydrothermal systems. Qualitative theoretical arguments suggest that total removal of sulfate is a reasonable consequence of low sulfate concentrations in the circulating sea water. Data on the concentrations of stable sulfur isotopes in Archean sediments also support the assumption of complete removal of sulfate.
Consider first that hot sea water reacts with iron silicate minerals to release ferrous ions to solution (MacGeehan dna MacLean, 1980) . These ions consume the oxygen released by the equilibrium reaction 2H ÷ + SO4 ~ ~ H2S(aq) + 202 (10) A large supply of sulfate relative to ferrous iron results in a relatively high oxygen fugacity and the stability of SO4 = relative to H2S (Ohmoto, 1972) . Conversely, a relatively small sulfate supply, corresponding to low sulfate concentrations in sea water, yields a low 02 fugacity and results in the stability of sulfide. If iron (in the +2 oxidation state) is sufficiently abundant relative to sulfate to reduce all sulfate to sulfide, the sulfide will precipitate as iron sulfide minerals, resulting in virtually complete removal of the sulfur from the circulating sea water. Consider now the isotopic evidence preserved in evaporitic sulfate minerals. Abiotic reduction of sulfate to sulfide fractionates in favor of the light isotope (Ohmoto, 1972) , leaving the residual sulfate enriched in the heavy isotope. Incomplete reduction of the sulfate in circulating sea water would therefore remove the light isotope preferentially, leaving average sea water enriched in the heavy isotope (Edmond et al., 1979b) . But evaporitic sulfates, which reflect the isotopic composition of sea water at the time of their deposition (Holser and Kaplan, 1966) , show isotopic compositions close to the primordial or mantle value during the Archean (Schidlowski, 1979; Skyring and DonneUy, 1982) . The process that removed sulfate from the Archean ocean must therefore have been isotopically unselective. Since sea floor hydrothermal interactions must have been an important component of the sulfur budget in the Archean ocean (Veizer et al., 1982) we conclude that these interactions must have resulted in complete not partial reduction of the sulfate.
The geologic record of the isotopic composition of sulfide minerals in hydrothermal deposits believed to have formed at or near the sea floor also suggests that the concentration of sulfate in sea water has increased over time. In recent examples of these deposits, the sulfide is enriched in the heavier isotope by a few per mil relative to the primordial value (Arnold and Sheppard, 1981; Skirrow and Coleman, 1982) . This enrichment is attributed to a mixture of mantle sulfide, with isotopic composition close to the primordial value (5348 ~ 0%0), and sulfide derived from the reduction of sea water sulfate (5348 ~ 20%0). The sulfide derived from reduction of sea water sulfate has been fractionated in favor of the light isotope. Archean and early Proterozoic hydrothermal sulfides show little isotopic fractionation . Their average isotopic composition is close to that of the mantle source and also to that of Archean sulfate evaporites. If the sea water sulfate had undergone partial reduction in the Archean, as it appears to do today, and if it had made the same relative contribution to the total sulfide in hydrothermal deposits, the Archean deposits would have been enriched in the light isotope. The absence of differences in isotopic composition between the mantle, sea water sulfate, and hydrothermal sulfides indicates either that the sea water contribution to the hydrothermal deposits was negligible or that the reduction of sea water sulfate was complete and, therefore, caused little fractionation. Either interpretation implies that the concentration of sulfate in the Archean ocean was much lower than it is today. The Archean hydrothermal fluids, lacking a large contribution of sulfide derived from reduction of sea water sulfate would, therefore, have contained excess iron, as we assumed in an earlier section. So hydrothermal reduction of sea water sulfate would not have altered the predominance of iron in the oceanic titration of iron against sulfide.
SEDIMENTARY SULFUR
The isotopic composition of sedimentary sulfides of Archean age is, on average, close to the primordial value, although some deposits show considerable scatter (Goodwin et al., 1976; Schidlowski, 1979; Cameron and Garrels, 1980; Skyring and DonneUy, 1982; Veizer, 1983; Thode and Goodwin, 1983; Hattori et al., 1983a, b) . This scatter is attributed to isotopic fractionation in the reduction of limited amounts of oxidized sulfur by biological or abiological processes in partially closed systems. The data are therefore consistent with our expectation of sulfate at low concentrations as the most abundant sulfur species in solution.
Phanerozoic and recent sedimentary sulfides show considerable scatter in isotopic composition also (Holser and Kaplan, 1966; Ashendorf, 1980; Burne et al., 1982) , but they are invariably enriched in the light isotope as compared with sea water sulfate. This enrichment is a consequence of biological sulfate reduction, which favors the light isotope (Chambers and Trudinger, 1978) . The absence of a similar fractionation in the sulfides of Archean sediments implies either that these sulfides were not biogenic, or that biological sulfate reduction on the Archean Earth did not cause significant isotopic fractionation. Cameron (1982) called attention to the observation that isotopic fractionation in biological sulfate reduction is small when the ambient sulfate concentration is low. Presumably, this is another example of the fact that isotopic fractionation is possible only when there is excess sulfate. It has been found in laboratory studies that microbial sulfate reducers do not yield isotopically light sulfides when grown in media containing sulfate concentrations as low as 10 -3 mol 1-1 (Harrison and Thode, 1958; Chambers and Trudinger, 1978) . This is the value we estimated, from considerations of the sulfur budget, for the sulfate concentration in the pre-biological ocean. It does not seem possible, therefore, on the basis of average isotopic composition alone, to distinguish between abiogenic, presumably hydrothermal, sulfide in Archean sediments and biogenic sulfide produced under conditions of low sulfate concentration. It is possibly significant that the large numbers of North American shales of Archean and early Proterozoic age analyzed by Cameron and Garrels {1980) revealed low concentrations of both sulfide and organic carbon in most of the Archean samples. They argued that the samples with high sulfide and organic carbon concentrations were associated with volcanic vents.
Cameron {1982) presented the evolution of the isotopic composition of sulfide in argillaceous sediments of Archean and early Proterozoic age from South Africa. His data show a distinct change in the isotopic composition between 2350 and 2200 Ma ago. It is at this time that sulfides strongly enriched in the light isotope first appear in the geologic record. As Cameron suggests, this change could reflect biological reduction of sulfate to sulfide with the isotopic fractionation becoming possible for the first time because of increased sulfate concentrations in the ambient waters. Increased sulfate concentrations could be the result of an increased supply of sulfate from continental weathering in the presence of an increasingly oxygenic atmosphere. The first indications of oxidative weathering in the geological record date from about this time . The increase in the partial pressure of oxygen in the atmosphere, in turn, is believed to result from increased production of oxygen by photosynthetic organisms {Knoll, 1979).
In summary, then, increased biological productivity may have resulted from continental emergence and stabilization at the end of the Archean. Increased productivity yielded a more oxygenic atmosphere, so that continental weathering supplied more sulfate to the ocean. The resulting increase in sulfate concentration enabled biological sulfate reduction to fractionate in favor of the light isotope in the production of sedimentary sulfides.
Sulfate evaporites of early and middle Proterozoic age are enriched in the heavy isotope by amounts comparable to those of more recent deposits (Claypool et al., 1980; Skyring and DonneUy, 1982; Cameron, 1983) . This change from the unfractionated sulfate of the Archean to the heavy sulfate of the Proterozoic may have been a consequence of either biological or abiological reduction of sulfate to sulfide. While higher sulfate concentrations permit isotopic fractionation in the course of biological sulfate reduction, they also make possible the incomplete reduction of the sulfate in hydrothermal interactions on the sea floor, thereby causing the abiological process to fractionate in favor of isotopically light sulfide and isotopically heavy sulfate also. Even today, it is not clear to what extent the relatively heavy isotopic composition of sea water is a consequence of biological rather than abiological fractionation mechanisms (Edmond et al., 1979b) .
Although Cameron's (1982) data from South Africa show isotopically light sulfide appearing in the early Proterozoic, as would be expected for biological sulfate reduction in the presence of larger sulfate concentrations, most lower Proterozoic sulfide seems to be enriched in the heavy isotope (Cameron and Garrels, 1980; Skyring and Donnelly, 1982) . Cameron and Garrels raised the question of the location of isotopically light sulfur at a time when both oceanic sulfate and sedimentary sulfide were enriched in the heavy isotope. Heavy oceanic sulfate could not have been a consequence of the deposition of light sedimentary sulfide if the sedimentary sulfide was heavy also. This observation seems to suggest that the enrichment of oceanic sulfate in the heavy isotope was not a consequence of biological sulfate reduction. It may instead have been a result of hydrothermal interactions with the sea floor. Increasing sulfate concentrations could have resulted in incomplete reduction of sulfate in hydrothermal processes and consequent fractionation to leave isotopically heavy sulfur in the oxidized form (see Fig. 6 ). According to this suggestion, then, the light sulfur that was missing from both oceans and sedimentary sulfide might have been incorporated into the oceanic crust and mantle. The distributions of isotopic composition of sedimentary sulfides suggest biological sulfate reduction under conditions of occasional sulfate limitation. Low to medium concentrations of sulfate in early Proterozoic sea water would have yielded many environments in which sulfate was in short supply, at least intermittently.
SUMMARY
It appears that the concentration of dissolved ferrous iron in the Archean ocean was relatively high. The concentration of sulfide ions was, therefore, vanishingly low. Sulfide may not have been the electron donor for the first photosynthetic bacteria. In the absence of a large source of sulfate provided by oxidative weathering of the continents, the concentration of sulfate in sea water was very much lower than that of the present day. The sulfate concentration was determined by a balance between a volcanic source of sulfur gases followed by photochemical oxidation to sulfate and the sink that corresponded to reduction of oceanic sulfate in hydrothermal reactions with hot basalt on the sea floor. The low concentration of sulfate in sea water prevented significant fractionation of the isotopes of sulfur either in hydrothermal or bacterial reduction of sulfate. In consequence, evaporitic sulfates, hydrothermal sulfides, and biogenic sulfide all exhibited the same, primordial isotopic composition. The increase of continentality and of the partial pressure of oxygen in the atmosphere in the early Proterozoic yielded an increase in the flux of sulfate to the ocean and an increasing concentration of oceanic sulfate. As shown in Fig. 6 , the increase in concentration may have permitted increasing isotopic fractionation of sulfur in the course of biogenic sulfate reduction. For a period of time, there may have resulted isotopically light sedimentary sulfides of biogenic origin, as suggested by the South African data of Cameron (1982) . The increasing sulfate concentration also caused isotopic fractionation in hydrothermal interactions on the sea floor, resulting from partial reduction of sulfate to sulfide. The extraction of isotopically light sulfur from sea water in the hydrothermal interaction caused a positive excursion in the isotopic composition of sea water sulfate, as shown in Fig. 6 and as revealed by the geological record of the later Proterozoic and Phanerozoic. The isotopically heavy sulfides described by Cameron and Garrels (1980) may have been laid down at a time when hydrothermal fractionation had produced isotopically heavy sea water, but sulfate concentrations in the ocean were still too low to permit a large biogenic fractionation. This speculative interpretation of the geologic record of the isotopic composition of sedimentary sulfates and sulfides is shown in Fig. 6 , where solid lines refer to data and dashed lines are interpolated.
